In viscosity measurement, temperature control is very important. In this study, the effects of temperature distribution on vibrational viscometers are investigated. Vibrational viscometers are preferred over other types of viscometers owing to their low cost, easy to use and efficacious continuous viscosity measurement capability. The study was conducted in two parts. In the first part, the challenge of unequal temperature distribution in vibrational viscometers was analyzed. The heat generated by a heater during continuous viscosity measurement disperses every part of a sample fluid and influences the fluid's viscosity. Therefore, the sample fluid may have inhomogeneous viscosity values because temperature distribution cannot be equal at every point in a fluid. This experiment is repeated several times with different temperature gradients for gaining a better understanding about the effect of unequal temperature distribution on fluid viscosity. Experimental outcomes show that under some conditions, viscosity measurement errors could reach 27.9%. This finding has been verified by mathematical calculations. In the second part of the research, for solving the unequal temperature distribution problem, the use of a magnetic stirrer for mixing up the fluid throughout the viscosity measurement with the aim of achieving homogenous temperature distribution is proposed.
1．Introduction
In industry, the ability to gather data on the viscosity behavior of materials is important. Information about any change in the viscosity behavior of materials may reveal to manufacturers important product dimensions. Viscosity measurement is the most convenient way of detectingchanges in the color, density, stability, solid content, and molecular weight of a material. Thus, improving existing viscometers is important for furthering the improvements in the quality of materials.
The concept of viscosity was postulated by Sir Isaac Newton as "the resistance which arises from the lack of slipperiness of the parts of the liquid, other things being equal, is proportional to the velocity with which parts of the liquid are separated from one another." This "lack of slipperiness" is viscosity 1) . Using this concept, all fluids can be categorized by examining the relation between the applied shear stresses and the deformation rate of flow of a fluid For overcoming the problem of unequal temperature distribution, the use of a magnetic stirrer in addition to changing the sample fluid's temperature gradient, which may allow for more uniform distribution of heat in the sample fluid, is proposed. The aim is to obtain more accurate fluid temperature measurements.
2．Vibrational Viscometer
The concept underlying a vibrational viscometer can be . We used this fluid in our experiments.
The characteristics of this standard fluid are listed in Table 1 . .
The study was conducted in two parts.
In the first part, the unequal temperature distribution problem of vibrational viscometers was investigated.
In the second part, the experimental setup was modified with the use of a magnetic stirrer, as shown in Fig. 2 . It is expected that the use of a magnetic stirrer would solve the unequal temperature distribution problem. In this part, the experiments conducted in the first part were repeated using the modified experimental setup. The magnetic stirrer was operated at 1,500 rpm in all experiments. Additionally, the magnetic stirrer was used as a heater, as shown in Fig. 2 .
4．Experimental Results

Temperature measurement experiments
The experimental setup for the first part of the research is shown in Fig. 2 . The experiments were carried out under various temperature gradients.
In Fig. 4 , the initial temperature is around 17.5°C, and the experiment proceeded for 800s. The temperature increased by around 5°C/min between 500s and 800s. These points were selected because the viscosity values at 30°C, 40°C, and 50°C lay between these points.
In Fig. 5 , the initial temperature is around 15°C, and the experiment duration is 1,500s. The temperature increased by around 2.5°C/min between 900s to 1,500s.
As shown in Fig. 6 , the initial temperature is around 17.5°C, and the experiment duration is 5,000s. The temperature increased by around 0.5°C/min between 2,000s and 5,000s. In all experiments, 30°C, 40°C, and 50°C marks on the boundary thermometers were chosen as reference points and recorded. This was done for measuring the success rate of the methods used herein. These readings recorded at these reference points are listed in Table 2 . Table 3 .
The most severe viscosity deviation, as seen in Fig. 10 , is observed at 50°C. A 27.90% error in viscosity measurement occurs at that point. This indicates the presence of a considerable temperature difference between the oscillators and the center thermometer.
The highest viscosity measurement error of 14.40%, as seen in Fig. 11 , is observed at 50°C.
However, without the magnetic stirrer, as seen in Fig. 10 , the viscosity measurement error is 27.9%. The viscosity measurement shown in Fig. 11 has a lower measurement error owing to the use of the magnetic stirrer, which mixes the fluid and affords a more homogenous temperature distribution in the fluid.
In Fig. 12 , a 10.20% viscosity measurement error is observed at 30°C for the standard fluid under a low temperature gradient.
According to Fig. 13 , when the magnetic stirrer is used under the low temperature gradient, the viscosity measurement error is 3.80% at 30°C. This means that the temperature of the fluid around the oscillators and that around the viscometer's thermometer should be very similar.
However, as shown in Fig. 12 , the viscosity measurement error is around 10.20% without a magnetic stirrer.
Therefore, it can be deduced that during continuous viscosity measurement, the use of a magnetic stirrer affords 
5．Mathematical Background
The problem of unequal temperature distribution problem was also investigated through simulations. The simulations were modeled using high, medium, and low temperature gradients, as shown in Figs. 4 , 5, and 6, respectively. The 33 Fig. 12 Comparison of measured viscosity under low temperature gradient and standard viscosity assessment Table 3 Detailed results of viscosity measurement experiment Fig. 11 Comparison of measured viscosity under high temperature gradient with magnetic stirrer and standard viscosity assessment All simulations were designed as per the measurements shown in Fig. 3 . was around 40°C, the temperature around the oscillator (Thermo 2 and Thermo 4, x = 15 mm, y = 12.5 mm) was 42.4°C
, and the temperature at the edge of the fluid (Thermo 1 and Thermo 5, x = 0 mm, y = 12.5 mm) was around 49.5°C.
Therefore, according to the simulation results and based on Table 1 , at the end of the simulation, the viscosity measurement error between the center thermometer and the edge of the fluid was around 49.6%. Furthermore, the viscosity measurement error between the center thermometer and the oscillator was 12.6%. As shown in Fig.   10 , for measurement using an experimental setup, the corresponding error was 27%. The difference can be ascribed to additional error sources.
Non-compressible fluid analysis was done for simulations.
A MATLAB code was used to generate simulations. During MATLAB code writing, finite difference method was used to solve the heat equation that is given at equation (2). The solution of heat equation with finite difference method can be seen below.
⑶
As it is shown in Fig. 3 , the sample cup is 60 mm in length and 25 mm in width. Therefore, in order to provide this condition, 61 mesh points in X direction and 26 mesh points in Y direction were used in the MATLAB code. For Difference 1 refers to the temperature difference between the oscillator and the center thermometer, and Difference 2 refers to the temperature difference between the boundary thermometers and the center thermometer.
As expected, the simulation with the low temperature gradient yielded the most homogenous temperature results.
6．Discussion
As seen in Figs Furthermore, similar to the viscosity measurement experiments, as the uniformity of temperature distribution increases, the accuracy of viscosity measurements increases.
According to the experimental outcomes, it can be stated that the temperature homogeneity of a fluid may depend on the temperature gradient of the heater and devices such as the magnetic stirrer.
Another important result obtained from this research is that low temperature gradients, which afford sufficient time for heat to be transferred throughout the fluid, could yield a homogenous temperature.
During viscosity measurements, temperature deviation between the oscillators and the center thermometer indicated measurement error. This deviation can be ascribed to a 15-mm gap between them, as seen in Fig. 3 . This gap results in an unequal temperature distribution, which could lead to grave measurement errors in some cases.
In addition, temperature deviation between the edge of the sample fluid and its center may differ considerably. In this scenario, the viscosity measurements recorded at these two points may vary enormously owing to a 30-mm gap between the two points. This measurement error may lead to serious quality assessment problems, especially in the case of expensive fluids, which may be available only in quantities of up to 100 ml. This problem is described in the Mathematical Background section. 
